Deep convective storms produce raindrops through three mechanisms: condensation and coalescence growth of cloud liquid droplets (i.e., warm processes), melting of ice hydrometeors, and shedding from wet hailstones. To investigate the relative importance of these mechanisms and their contributions to exotic drop size distributions (DSDs) observed near the surface in supercell storms, an idealized simulation of a supercell is performed using a modified version of the Morrison two-moment microphysics scheme. The modified scheme includes separate categories for warm, shed, and melted rain.
Introduction
Recent research has demonstrated that the thermodynamic properties of supercell rear-flank downdraft (RFD) air contribute to whether or not a storm produces a tornado (e.g., Markowski et al. 2002 Markowski et al. , 2003 Grzych et al. 2007 ; Lee et al. 2011 Lee et al. , 2012 . Precipitation processes are a large driver of these RFD thermodynamic properties because melting of hail and graupel, evaporation of rain, and precipitation particles imparting drag on the air contribute to negative buoyancy and thus to downdrafts. Therefore, the precipitation properties of supercell RFDs and hook echoes have been of interest (e.g., Kumjian 2011; French et al. 2014 French et al. , 2015 .
Polarimetric radar observations of supercells and RFDs in particular have revealed ''exotic'' particle size distributions at low levels (e.g., Kumjian 2011) , including a preponderance of large raindrops along the forward flank and a large gradient in median drop sizes across the hook echo and RFD regions. The rear portion of hook echoes (and sometimes wrapping around the south side of the low-level circulation) is often characterized by drop size distributions (DSDs) heavily skewed toward smaller drops with concentrations that are much larger than is typical of convective rain in Oklahoma (Kumjian 2011) . It was hypothesized that warm-rain processes lead to the generation of these small drops, which are then transported toward the surface by dynamically driven downdrafts. This type of mechanism would lead to a link between RFD surges and microphysical properties of the RFD. More recently, high-resolution polarimetric radar observations by French et al. (2015) generally support these findings and add to a small but growing dataset of observations suggesting microphysical differences between the hook echoes of tornadic and nontornadic storms (e.g., Kumjian and Ryzhkov 2008a) . In particular, French et al. (2015) found that observations of small drops were more frequent in tornadic hook echoes than in nontornadic hook echoes and in environments characterized by higher surface relative humidity and lower environmental lifting condensation levels (LCLs).
Although only limited data are available from surface disdrometers in supercells, the measurements are in good agreement with inferences made from polarimetric radar data (e.g., Schuur et al. 2001; Dawson and Romine 2010) . Schuur et al. (2001) found a sparse population of very large raindrops along the forward flank in a supercell, followed by a very large concentration of small drops (more numerous than in any other storm type they investigated) in the rear portion of the supercell and/or RFD. Dawson and Romine (2010) also found a gradient in mean drop size across the hook echo, with large drops located along the leading edge and smaller drops in the rear portion.
In convective storms, raindrops form via three mechanisms: (i) autoconversion of cloud droplets into rain, or what we will call ''warm-rain'' generation; (ii) melting of ice particles such as snow, graupel, and hail; and (iii) shedding of excess water off hailstones that are melting or undergoing wet growth in updrafts. Rain that reaches the surface may originate from any combination of these processes. However, the different mechanisms tend to produce different DSDs; for example, shed drops tend to be smaller in size (;1 mm) with a narrow distribution (e.g., Rasmussen et al. 1984; Rasmussen and Heymsfield 1987) , whereas melting of small hailstones can contribute to very large (up to ;8 mm) raindrops (e.g., Rasmussen et al. 1984; Ryzhkov et al. 2013) . Thus, the different rain generation mechanisms can produce very different DSDs, which may be sorted and advected to various portions of the storm by the complex threedimensional airflow patterns typical of supercells, resulting in exotic surface DSDs, or those deviating significantly from what is expected in continental convective storms (Kumjian 2011) .
Such exotic surface DSDs cannot be simulated with most existing bulk microphysical schemes because rain is typically treated as a single hydrometeor class with a particle size distribution (PSD) shape prescribed a priori. (This shape is usually an exponential or gamma-type distribution.) This places a rigid constraint on the possible DSD shapes attainable in simulated storms. An additional prognostic moment is required to allow the PSD shape to evolve. Recently, use of such threemoment schemes has been gaining popularity. For example, the three-moment scheme of Milbrandt and Yau (2005b) predicts the spectral shape parameter, allowing DSDs to broaden or narrow under the influence of microphysical processes, especially for sedimentation. Other examples include studies by Dawson et al. (2014) , Loftus et al. (2014) for hail, and Van Den Broeke (2014) . Still, however, a functional form of the DSD is prescribed a priori; therefore, simulating unusual DSDs comprising raindrops originating by different mechanisms is not possible. An exception is the recent microphysics scheme developed by Prof. J. Straka (2012, personal communication) , which was used in the study of Van Den Broeke and Straka (2010) and Van Den Broeke (2014) , and is a first step in treating rain DSDs in a more sophisticated manner in bulk parameterizations. This scheme uses three different rain classes to reflect the varied mechanisms that produce rain in deep convective storms, as well as two additional liquid hydrometeor categories (cloud droplets and drizzle). We adopt a similar technique in the present study in an effort to explore the source of rain in different regions of an idealized supercell and how these different sources contribute to the total combined DSD near the surface. The details of the numerical model and the microphysics scheme are provided in the next section. Section 3 compares the standard idealized supercell simulation setup to the simulation with modified microphysics. Section 4 presents an analysis of the results of the simulation using the modified microphysics scheme, with a discussion in section 5 and conclusions given in section 6.
Model a. Microphysics scheme
The baseline simulation in this study uses the twomoment Morrison microphysics scheme (Morrison et al. 2005 (Morrison et al. , 2009 Morrison and Milbrandt 2011, hereafter ''Control'') , which predicts the mass and number mixing ratios of cloud droplets, raindrops, cloud ice, snow, and a rimed ice category. For this study, the denser option is selected for the rimed ice, with the particle density equal to 900 kg m 23 and fall speeds comparable to those of hail. Details of the process rate calculations and source and sink terms for each of the hydrometeor species can be found in Morrison et al. (2005) and Morrison et al. (2009) . The Morrison microphysics scheme has been modified (herein ''RainClass'') such that it now has three categories of rain representing the different mechanisms by which raindrops are produced: warm rain, shed rain, and melted rain. Each rain class is fully two moment in that the mass and number mixing ratios are prognosed. The original formulations for sedimentation, advection, and diffusion are identical to those described in Morrison et al. (2009) , and are applied to each rain class. Conservation equations for the mass (q) and number (N T ) mixing ratios are given as follows:
where the first three terms on the right-hand side are advection by the three-dimensional wind vector v, sedimentation (with mass-and number-weighted fall speeds V qx and V Nx , respectively, and where r air is the air density), and diffusion. The time rate of change of the mixing ratios due to various microphysical processes are grouped into the final term. The schematic in Fig. 1 illustrates important microphysical processes affecting the rain classes and how mass is distributed from one class to another. The main source terms for warm-rain mass are autoconversion of cloud liquid droplets and accretion of cloud droplets by warm-rain drops. Warmrain mass is lost to water vapor by evaporation and lost to snow and hail via collection by those ice particles. Additionally, collisions between warm-rain drops and ice crystals can lead to mass lost to the snow or hail categories, depending on the warm-rain mass mixing ratio. Melted rain originates from the melting of hail, snow, and cloud ice. Additional mass is added to the category by accretion of cloud liquid drops onto melted-rain drops. Melted-rain mass is lost via evaporation to water vapor, collection by hail and snow, and collisions with ice crystals that lead to a transfer of the mass to hail or snow. Shed rain is produced when hailstones collect rain mass at temperatures .273.15 K. This collected mass is immediately shed as 1-mm-sized drops. Additional mass is gained by accretion of cloud droplets onto shed-rain drops. Similar to the other classes, shed-rain mass is lost by evaporation, collection, and collisions with ice.
When any rain category is collected by hail at temperatures .273.15 K, the mass of this water is immediately shed as 1-mm drops and placed in the ''shed'' drops category. Thus, melting hailstones can ''process'' other rain classes and transfer them to the shed category. This is important because drops initially larger than 1 mm that are collected by hailstones will be shed as smaller 1-mm-sized drops, fundamentally affecting the resulting rain DSD and evaporation and sedimentation rates. Shedding during wet growth at subfreezing temperatures is neglected, as it is not a process included in the Morrison microphysics scheme.
Aside from the typical uncertainties or caveats present in the two-moment Morrison scheme, it is worth mentioning that the different rain classes do not interact with each other. Though each class may be collected by snow and hail, and self-collection within a class is also accounted for, there is no collection among different rain classes. Effectively, this means that part of rain collection is turned off. This is because there is no simple solution to treating collisions between different rain classes while still retaining the information about the origin of the raindrops. Note, however, that rain mass is still conserved, and collisions between different rain classes would not change the proportion of total rain mass originating from the different mechanisms, only the number concentration. As we demonstrate below, neglecting such interactions does not substantially alter the behavior of the simulated storm.
b. Simulation design
An idealized supercell was simulated using both of the aforementioned microphysical schemes in the Weather Research and Forecasting (WRF) Model version 3.4.1 (Skamarock et al. 2008) . The model domain encompassed 150 km in both horizontal directions and 24 km in the vertical. The horizontal grid spacing was set to 200 m, while a slightly smaller grid spacing of approximately 1 120 m was used in the vertical (corresponding to 200 levels). Numerical simulations have suggested that grid lengths on the order of 100-200 m are necessary so that traditional large-eddy simulation subgrid closures perform according to their design by resolving part of the inertial subrange (e.g., Bryan et al. 2003; Bryan and Morrison 2012) . The model was integrated for 3 h with a dynamical time step of 1.5 s to ensure numerical stability. Furthermore, a 5-km dampening layer was imposed at the model top. Horizontal advection and vertical advection were computed using the fifth-and third-order positive-definite advection schemes, respectively. The boundaries were open in both the x and y directions; the model top was a rigid lid. Radiation and surface fluxes were neglected in this study. This is not to say they are unimportant. In fact, Frame and Markowski (2013) showed that radiative effects owing to anvil shadowing can enhance low-level shear in anvil-shaded regions as vertical mixing of momentum is shut off in their simulations. Moreover, Schenkman et al. (2012 Schenkman et al. ( , 2014 found that surface friction played a significant role in tornadogenesis in their high-resolution full-physics simulations. However, in order to focus the analysis on only the partitioning of rain via its formation mechanisms and to simplify the simulations, these processes are neglected. This is in accord with the vast majority of studies utilizing idealized supercell simulations.
The model was initialized with the Weisman and Klemp (1982) sounding, which has a most unstable convective available potential energy (MUCAPE) of approximately 2700 J kg 21 . The shear profile follows the idealized ''quarter-circle hodograph'' of Weisman and Rotunno (2000) that comes standard in the WRF package. To initiate convection, a thermal bubble was applied at the surface with a horizontal radius of 10 km and a vertical radius of 1.5 km. The maximum temperature perturbation was 3 K, decreasing following a cosine function outward from the center. This initialization is similar to that used in Morrison and Milbrandt (2011) .
Comparison with the Control run
Before exploring the rain physics in our idealized supercell simulation, we must first ensure that the modified microphysics scheme has not fundamentally altered the simulated storm. Such a comparison of different storm attributes allows us to assess whether the two simulated storms exhibit substantially different behavior and evolution. Figure 2 provides snapshots of the reflectivity factor at horizontal polarization Z H field at the lowest grid level every 30 min from t 5 1-3 h for the Control and RainClass simulations. The general evolution of the dominant right-and left-moving supercells is remarkably similar over the simulation time, whereas some differences are noted in the smaller convective cells forming between them. However, even after three hours of simulation time, the dominant right-moving supercell is in very nearly the same location and has a similar structure in both the Control and RainClass simulations. This indicates that the supercells are propagating at very nearly the same speed and direction and that the overall structure and evolution of the storms are not appreciably different. Given the much larger differences in simulated squall-line propagation speeds owing to slight modifications to the raindrop breakup scheme presented by Morrison et al. (2012) , the similar storm behavior in the Control and RainClass simulations is a strong indication that the RainClass microphysics scheme modifications do not fundamentally alter the bulk behavior of the storm. To compare the simulations more quantitatively, we construct frequency distributions of meteorological quantities of interest from the Control and RainClass runs (Fig. 3) . The distributions were constructed for the entire domain by counting grid boxes at each output time (10 min) falling within certain intervals of the variable of interest (e.g., 0.5 m s 21 for velocities, 0.5 dBz for reflectivity, etc.), and averaged over the last hour of simulation time (t 5 2-3 h). Distributions of updraft speeds ( Fig. 3a) (Fig. 3d ). The rain mass mixing ratio distributions are qualitatively similar (Fig. 3e ). In the RainClass simulation, the maximum values of warm-rain mass mixing ratio are largest, followed by melted rain FIG. 3 . Comparison of frequency distributions of meteorological quantities of interest for the Control run (black) and modified RainClass simulations (green): (a) updraft velocity, (b) simulated Z H , (c) horizontal (u and y) wind speeds (solid and dashed, respectively), (d) potential temperature deficits at the lowest grid level, (e) rain mass mixing ratios, and (f) hail mass mixing ratio. In (e), each of the rain classes are shown (warm rain in orange, melted rain in purple, shed rain in blue, and total rain mass in black). The logarithm of frequency is shown on the ordinate axes. The frequency distributions were calculated over the last hour of the simulation.
and shed rain. Finally, the hail mass mixing ratio distributions are nearly identical between the two simulations up to approximately 0.02 kg kg 21 , above which there are more frequent occurrences of large hail mass mixing ratios for the Control run (Fig. 3e ).
Because most of the differences in the two simulations occur for extreme values, time series of extrema of the same quantities are presented in Fig. 4 . Both simulations develop storms with persistent strong (;60 m s 21 ) updrafts ( Fig. 4a) . Similarly, the domain maximum and surface maximum Z H (Fig. 4b ) are quite similar throughout the 3-h simulation. Aside from the timing of occasional wind speed surges, the maximum magnitudes of both horizontal components of the surface wind ( Fig. 4c ) exhibit similar patterns, including having larger magnitudes in the north-south direction than in the east-west direction. The minimum surface potential temperature perturbation (Fig. 4d) approximately 18C between the simulations at all times. Warm rain exhibits the largest domain maxima, just under that of the Control run for most output times (Fig. 4e) . A noteworthy difference is the maximum hail mass mixing ratio, which is slightly less in the RainClass simulation than the Control run ( Fig. 4f ), particularly after 1 h into the simulation. Overall, the distribution and behavior of these quantities throughout the duration of the simulations are quantitatively similar, as is the appearance of the evolution of the simulated Z H field. This result strongly suggests that the simulated storms are quite similar and that the modified microphysical scheme did not substantially alter the behavior or evolution of the simulated supercell. Other studies (e.g., Morrison and Milbrandt 2011; Morrison et al. 2012 ) have demonstrated far more significant structural or behavioral changes in simulated convective storms when comparing different two-moment schemes, and even different parameter settings within the same scheme. Thus, we argue that direct comparisons between our two runs are warranted. Furthermore, the use of the RainClass scheme does not fundamentally alter the fact that the simulation still produces a supercell storm; therefore, we can use the model as a tool to investigate the rain microphysics in this simulated supercell.
Analysis of rain partitioning results
To explore the relative importance of each class of rain in various parts of the storm, we determine the class with the dominant mass mixing ratio at each grid box. An example from the lowest grid level at t 5 180 min is shown in Fig. 5 . Much of the forward flank is dominated by rain arising from melting hail. However, the left flank of the storm has a large area dominated by drops shed from wet hailstones. The importance of shedding for particles in the left flank of the supercell is in good accord with hail growth and trajectory calculations of Miller et al. (1988) in their study of a northern plains supercell. All three rain types are dominant in various parts of the hook echo, including melted drops in the inflow side, shed drops in the middle, and warm rain at the back. The only place warm rain is dominant at low levels is in the rear of the storm. The warm rain is generated in small-scale updrafts associated with a loosely organized band of convergence that runs southeast to northwest along the rear edge of the Z H echo and slopes toward the northeast with increasing height (Fig. 6) . FIG. 5 . Mass dominant rain class at the lowest grid level at t 5 180 min. Purple shows melted rain, blue is shed rain, and orange is warm rain. The Z H contours of 35, 45, and 55 dBz at the lowest grid level are overlaid.
Such a feature is also apparent in recent numerical simulations by Beck and Weiss (2013) , Markowski and Richardson (2014) , Markowski et al. (2014) , and A. Schenkman (2015, personal communication) . Additionally, observational analyses by Kosiba et al. (2013) and Y. Richardson (2015, personal communication) have revealed convergence and/or small updrafts in the rear of the Goshen County, Wyoming, supercell storm during VORTEX2 (Wurman et al. 2012 ). This band of convergence occurs between southerly and southwesterly momentum overrunning the rear-flank outflow and northerly and northeasterly momentum from the forward-flank outflow and is distinct from the main updraft region associated with the primary rear-flank gust front, which is visible in Fig. 6a (running from about x 5 100, y 5 10 km to about x 5 108, y 5 20 km). Warm rain is generated in these small-scale updrafts (most evident in Fig. 6c ). Many of these updrafts do not connect with the main updraft, instead being confined to low and midlevels. In fact, some of these updrafts and their associated warm-rain mixing ratio contours entirely disappear from view above 4 km AGL (Fig. 6d) . In contrast, the largest warm-rain mass mixing ratio values below 0.5-1 km AGL are found within downdrafts (Figs. 6a,b) . This strongly suggests that the warm rain at the lowest levels is generated in smaller-scale low-level updrafts, whereupon it sediments and/or is transported to the surface in low-level downdrafts. This structure is consistent throughout the simulation and is in generally good agreement with suggestions of Kumjian (2011) . The mass mixing ratio of warm rain at the lowest model level is shown in Fig. 7 . Note that appreciable warm-rain mass (only grid points with . the majority of the rain in the rest of the storm comprises melted and shed drops. Of note is the small area of enhanced warm-rain mixing ratio in the rear of the hook echo, with maximum values near 1.7 g kg 21 . Warm rain was found within a similar location of a simulated supercell by Van Den Broeke (2014) , who used an idealized half-circle hodograph for the environmental wind profile. Van Den Broeke (2014) ran several simulations using differing thermodynamic profiles and found that the maximum low-level warm-rain mass mixing ratio (averaged over 70 min) varied by up to 25%. However, the qualitative structure of the warm-rain field remained the same across the different simulations.
To explore the origin of warm rain in the rear of the storm, selected three-dimensional isosurfaces are constructed. An example of one is shown in Fig. 8 . This view reveals turrets of warm-rain mass mixing ratio (the 0.6 g kg 21 isosurface is shown) confined mainly to low levels in the rear of the storm, consistent with the expected growth processes of warm rain. The notable exception is the vertically extensive region of warm-rain mass associated with the storm's main updraft. The only region where this particular isosurface reaches the ground is in the ''bull's-eye'' of enhanced values seen in Fig. 7 . Also included in Fig. 8 
references therein). Indeed, the shaft of enhanced warm-rain mass mixing ratio is collocated with one of these enhanced downdrafts, seemingly consistent with the hypothesis put forth in Kumjian (2011) . A vertical cross section (Fig. 9) is taken through the hook echo, main updraft, and inflow edge of the forward flank, as indicated by the gray dashed line in Fig. 7 . The Z H structure in Fig. 9a displays a prominent bounded weak echo region (BWER) extending to more than 10 km above the surface. Warm-rain mass is found not only in the hook echo at low levels but also aloft in the main updraft (Fig. 9b) . In fact, the largest shed-rain mass mixing ratios (hereafter q rw ) are aloft, where vigorous updrafts lead to strong adiabatic cooling and large condensation rates. This also explains why the domainmaximum q rw is the largest of the three classes in Fig. 4 . In contrast, the shed-and melted-rain mass mixing ratios reach heights of only ;5 km (Figs. 9c,d ), reflecting the fact that shedding and melting only occur at temperatures .08C. For these simulations, the environmental 08C level is at ;3:7 km AGL, though within the storm the 08C level ranges from about 3.3 to 4.8 km AGL. The vertical extent of shed and melted rain above 3.7 km thus indicates a local upward perturbation of the 08C level by the updraft. The shed-and melted-rain maxima are found on the front side of the hook echo, at the periphery of the BWER. The q rm and q rs regions are heavily overlapped, though the q rm maximum occurs above and to the right (front side of the hook echo and closer to the BWER) of the q rs maximum. This arrangement makes sense because only after sufficient liquid water is present from melting or collection of warm or melted rain can hailstones shed this mass. A secondary area of q rm is found at low levels within the highest Z H in the forward flank, indicative of mass produced by melting ice particles. Because of the location of the cross section relative to the storm's forward flank (cf. Fig. 7 ), these q rm values are quite small. The mean-mass diameter of raindrops (D mr ) combines both prognostic moments to provide a characteristic drop size of a given simulated DSD. Normalized frequency distributions of D mr averaged over the last hour of the simulation for the Control and RainClass simulations at the lowest grid level are shown in Fig. 10 . The warm-rain category is characterized by the smallest average drop size (average mean-mass diameter of warm-rain drops D mrw 5 1:05 mm), exhibiting a much larger relative proportion of small (,1 mm) D mr rain than the other categories. Warm rain also has a lower frequency of D mr values .1.0 mm than the other categories. In contrast, melted-rain drops have the largest average mean-mass diameter (D mrm 5 1:52 mm), featuring proportionally less D mr values ,1.0 mm than warm and shed rain and a much higher relative frequency of D mr . 1:0 mm than the other categories. Shed-rain drops have an intermediate average D mr value (D mrs 5 1:22 mm), exhibiting a bimodal frequency distribution with peaks near D mr 5 1:10 and 0.35 mm. In comparison, the normalized frequency distribution for the Control run generally follows that of melted rain, especially for D mr . 1:0 mm. This is not surprising given that melted-rain mass dominates the total rain mass field at low levels in our simulation. The average D mr for the Control run is 1.42 mm.
All categories have an abrupt increase in frequency for D mr ; 5:1 mm. This is representative of the largest D mr allowed in the Morrison microphysics scheme; it is assumed implicitly that drop breakup does not allow larger D mr . Such large mean-mass drop sizes occur as a result of size sorting. In multimoment bulk microphysics schemes, size sorting is emulated by having different fall speeds for each prognosed moment. In the case of a twomoment scheme like the one used in this study, the massweighted fall speed exceeds the number-weighted fall speed, allowing the mass mixing ratio field to sediment faster and thus be less affected by the storm-relative flow than the number mixing ratio field. Excessive size sorting occurs in two-moment schemes with a fixed exponential size distribution shape, like the model used here. Left unchecked, such overaggressive size sorting can lead to unrealistically large drop sizes (e.g., Wacker and Seifert 2001; Milbrandt and Yau 2005a; Milbrandt and McTaggart-Cowan 2010; Dawson et al. 2010; Mansell 2010; Kumjian and Ryzhkov 2012; Dawson et al. 2014 ). Thus, the scheme treats breakup explicitly by modifying the collection efficiency for rain self-collection and implicitly by providing a lower limit on slope parameter to prevent such overaggressive size sorting.
The mean-mass diameter of raindrops at the lowest grid level for each of the three rain classes is shown in FIG. 10 . Normalized frequency distribution of the mean-mass diameter (D mr ) of raindrops for the Control run (black) and the modified microphysics rain classes: warm rain (orange), melted rain (purple), and shed rain (blue). The mean D mr for each category is indicated by the colored markers on the abscissa. The frequency distributions were averaged over the last hour of the simulation at the lowest grid level.
Fig. 11 at t 5 3 h into the simulation. A characteristic D mr gradient is observed in each rain category, with values .5 mm (i.e., the maximum value allowed) at the upstream or front of each rain mass field. This characteristic originates primarily because the precipitation encounters nonzero storm-relative flow over a layer as it descends (Fig. 11d ) and thus undergoes size sorting, which leads to larger drop sizes at the upstream (in a storm-relative sense) edge of the precipitation shaft, whereas the smaller drops are advected farther downstream (e.g., see Kumjian and Ryzhkov 2012; Dawson et al. 2014, among others) . This sorting effect leads to positively skewed raindrop size distributions. The effect of such size sorting is routinely observed in supercells using polarimetric radar measurements because the differential reflectivity Z DR is related to the mean raindrop size. The so-called Z DR arc (e.g., Kumjian and Ryzhkov 2008b, 2009; Dawson et al. 2014 ) signature along the inflow edge of the forward flank is routinely observed in supercells and is thought to be a manifestation of this process, leading to a sparse population of large raindrops. The alignment of the Z DR or D mr gradient provides information about the average storm-relative winds in the overlying layer in which size sorting occurs (Kumjian and Ryzhkov 2009; Dawson et al. 2014, FIG. 11. Mean-mass diameter (mm, shaded 2015). Thus, the different directions of the D mr gradient for each of the rain classes indicate that the resulting rain distribution is affected by size sorting in layers of differing depths. The northeast-southwest-oriented D mr gradient for warm rain in the main supercell's rear flank (Fig. 11a) suggests that the dominant size sorting occurs in the layer where the average storm-relative winds are northeasterly. For the idealized environmental hodograph used in these simulations (Fig. 11d) , only easterly storm-relative winds are found at low levels. However, the actual storm-relative winds in the RFD have a much larger northerly component (,220 m s 21 , not shown) than in the ambient environment, which serves to rotate the direction of the mean storm-relative winds at low levels such that it better aligns with the observed D mr gradient. Accounting for this enhanced northerly flow in the RFD, the apparent size sorting layer is in the lowest 1 km AGL, which reinforces the notion that the warm rain along the rear flank of the supercell is generated at low levels. In contrast, the more east-west orientation of the D mrs gradient (Fig. 11b) implies that size sorting occurs within a layer with its top at 3 km AGL (Fig. 11d) . Finally, the southeast-northwest D mrm gradient (Fig. 11c) suggests the presence of size sorting in an even deeper layer, implying that the size sorting most important for the low-level distribution of raindrop sizes occurs aloft (i.e., when these hydrometeors are still hail), which is consistent with the findings of Dawson et al. (2014) . These layers are annotated on the hodograph in Fig. 11d . To facilitate comparison between radar observations and the simulated DSDs within the hook echo, we compute Z H and Z DR of rain-only points within the hook echo of the mature right-moving supercell at t 5 3 h into the simulation. These points are compared to the ''expected'' Z H -Z DR relation found for rain in Oklahoma by Cao et al. (2008) . This method of comparison is a simple way to explore and quantify how unusual a DSD is for a given Z H , at least compared to continental deep convective storms (e.g., Kumjian 2011; French et al. 2015) . Simulated DSDs were determined from the predicted mass and number mixing ratios. T-matrix calculations (e.g., Mishchenko 2000) were performed to obtain the scattering amplitudes of raindrops from 0.05 to 8.0 mm in equivalent volume diameter at S band at a temperature of 208C [for details, see Kumjian and Ryzhkov (2012) ]. Figure 12a shows the results from the Control run. A slightly positive bias in Z DR compared to the Cao et al. (2008) relation for Oklahoma rain (overlaid green curve) is noted for rain Z H , 40 dBz. For the highest Z H , the points fall slightly below the expected relation, indicating somewhat smaller mean drop sizes than typically encountered in Oklahoma rain events. This finding may indicate insufficient generation of large drops via melting of hail (e.g., Ryzhkov et al. 2013) or overaggressive breakup of large drops (e.g., Kumjian and Prat 2014) . Also of note is the lack of scatter present in these hook echo points, indicating little variability of the low-level DSDs. The Z H -Z DR scatterplot for the modified RainClass simulation is shown in Fig. 12b . The pattern is quite similar to the Control run; however, a few important differences are apparent. First, there is somewhat larger scatter, indicative of more diversity in the hook echo DSDs. When we separate the rain classes, a separation of the warm-rain points is seen for Z H . 30 dBz. These points indicate much larger Z DR (and thus much larger mean drop sizes) than expected for typical Oklahoma rain, which is consistent with positively skewed DSDs resulting from size sorting. Indeed, the fingerprint of size sorting of warm rain is observed within the hook echo and the supercell's rear flank (cf. Fig. 11a ). This localized effect is distinct from the warm rain throughout the rest of the domain, which tends to exhibit smaller meanmass sizes (cf. Fig. 10 ).
Of note is the lack of points substantially below the expected line, or points associated with DSDs heavily skewed toward small drops. As noted in the introduction, these types of DSDs have been observed in supercell hook echoes. One possible reason for this finding is that the model is unable to simulate these small-drop DSDs because of the way size sorting is handled in a two-moment scheme with a fixed spectral shape parameter (in this case, the shape parameter is such that the DSD shape is exponential). Size sorting causes the simulated DSD slope and intercept parameter to decrease. In the case of an exponential DSD, the decrease in these parameters can lead to substantial concentrations of large drops, which strongly affect the simulated radar variables. Such DSDs with small slope parameter lead to large sensitivities in the calculations of the radar variables, in which a maximum raindrop diameter must be specified for the integration. To demonstrate this point, the Z H -Z DR scatterplot of Fig. 12b is reproduced; however, this time, the maximum diameter of raindrops 2 defining the integral over the distribution for warm rain is set to 4 mm (Fig. 13) . The warm-rain points now fall substantially below the expected curve, more consistent with the observations. There is a physical rationale for the reduced D max of the warm-rain drops as well: these drops originate in lowlevel updrafts via warm-rain processes and have insufficient time to grow by coalescence to larger sizes; therefore, drops as large as 8 mm are not expected to originate by this mechanism. Because the mean-mass drop size for shed and melted drops (D mrs and D mrm ) is small throughout the hook echo, the impact of the maximum drop size in the Z DR computations is not as large for these rain categories. This exercise reveals that comparisons of model output with observations require careful consideration of the limitations of the microphysics scheme.
The simulated DSDs across the hook echo at 3 h into the simulation are illustrated in Fig. 14 . At both edges of the hook echo, the number of larger drops tapers off rapidly, which is also revealed in the tapering of the mass-weighted mean diameter D 4/3 (defined as the ratio of the fourth and third moments of the DSD) curve superimposed on Fig. 14. Other times (not shown) have similar DSD structures. Thus, the characteristic radarand disdrometer-based observation of larger drops on the forward edge of the hook echo is not reproduced by this two-moment scheme. Furthermore, there is relatively little variability throughout the bulk of the wide hook, with Z H , D 4/3 , and the overall DSD shape changing very little. There is a noticeable maximum in D 4/3 at the rear edge of the hook. The DSDs from this portion of the hook are presented in more detail in Fig. 15 , which shows the combined rain DSD as well as the DSDs of each rain class within the hook echo at 3 h into the simulation. The total DSD features a prominent ''kink'' in the total rain DSD at this point, which is indicative of contributions from multiple rain classes with different characteristic DSDs. Figure 15 indicates that shed and melted rain have similar DSDs with predominantly smaller drops, whereas the warmrain DSD slope parameter decreases, contributing FIG. 13 . As in Fig. 12b , but with D max 5 4 mm for warm rain.
2 Incomplete gamma functions were used in the calculations because we assume a maximum raindrop size. Doing so introduces an inconsistency in the simulated DSDs compared to those used in process calculations in the microphysical code (where complete gamma functions were used). The example here is simply for illustrative purposes.
substantially to the drops .2 mm in diameter. The resulting total DSD is similar to a gamma distribution with a negative shape parameter or a biexponential distribution in appearance, which can arise owing to a mixture of two different hydrometeor populations (e.g., Ryzhkov et al. 2013) .
Certain microphysical processes that shift warm-rain mass to larger sizes (e.g., self-collection and size sorting) lead to a reduction in the slope and intercept parameters of the warm-rain DSD, causing an artificial increase in the number of big drops. This finding suggests a disadvantage of using a fixed spectral shape parameter for two-moment schemes. Additionally, if the maximum drop size for warm rain were limited, the DSD would look substantially different; namely, a larger population of small drops owing to increased intercept and slope parameters. This underscores the necessity of limiting maximum drop size via treatment of breakup or other means of controlling excessive size sorting. Use of a prognosed third moment largely mitigates this problem by allowing the DSD to narrow during sedimentation and size sorting, eliminating the excessive large-drop end of the spectrum (e.g., Wacker and Seifert 2001; Milbrandt and Yau 2005a , among others).
Discussion
A caveat of the modified RainClass microphysics scheme is that collection between different rain categories is not accounted for. The self-collection of the jth category of raindrops depends on both the mass and number mixing ratios (q rj and N Tj , respectively), following Seifert and Beheng (2001) :
where r air is the air density, E cr is the collection efficiency between drops, and (›N T /›t)j coll is the time rate of change of raindrop number mixing ratio due to self-collection.
As mentioned in section 2a, the RainClass scheme accounts for self-collection of raindrops within each class, but not between classes. To investigate the potential impacts of neglecting part of rain coalescence, we can consider rain collection among two different classes as FIG. 14. Simulated surface DSDs (color shading) along a west-east track through the hook echo at t 5 180 min and at y 5 23.4 km (this is 0.6 km south of the line annotated in Fig. 7) . The abscissa has the distance in the x direction, whereas the ordinate for the color shading is the drop size bin. The color scale refers to the base-10 logarithm of the raindrop number density N(D) per size bin. Overlaid are the traces of mass-weighted mean diameter D 4/3 (red) and the total Z H computed from all hydrometeor categories (dotted magenta, reduced by a factor of 10 to fit on the plot).
Thus, there are extra ''cross terms'' (N T1 q r2 and N T2 q r1 ) in the collection equation that are not accounted for in the RainClass scheme. Some of these cross terms are insignificant compared to the ''coterms''. For example, the domain-average warm-rain co-term q rw N Tw at t 5 3 h into the simulation is 6.454, whereas the averages of the cross terms q rw N Tm and q rw N Ts are 0.0257 and 0.0791, respectively (the median of the co-term q rw N Tw is also an order of magnitude larger than the cross terms). However, some of the cross terms are of the same order of magnitude: domain-averaged q rs N Tm 5 0:3408 and q rm N Ts 5 0:3621 compared to the domain-averaged shed-rain co-term q rs N Ts 5 0:5432. Unlike the other cross terms, q rs N Tm and q rm N Ts occur with nearly the same frequency in the domain as the co-terms, which indicates substantial overlap between the melted and shed rain. Because of this overlap, neglecting the cross collection of these categories in some cases could lead to small errors in the total number of raindrops at these grid boxes (recall that the masses of each class are not directly affected by collection). The sign of the error depends on the mean drop size of the two categories undergoing collision. If the mean size of the two categories is near the equilibrium value for breakup and coalescence, then the ''extra'' collisions from the cross terms will not matter because they produce new drops by breakup. If the D mr is larger than the equilibrium value, then neglecting the cross terms would lead to an overprediction of the mean drop size; the opposite would be true for D mr less than the equilibrium value. The distribution of the overlapping points indicates that the majority occur when shed and melted rain have similar mean-mass diameters (not shown), in which errors are expected to be insignificant. The aforementioned issues may affect evaporation and sedimentation rates (e.g., Dawson et al. 2010 ). However, we argue that these potential sources of error are relatively minor given the strong similarity of the cold pool and other storm characteristics between the Control and RainClass simulations. We also note that given the somewhat ''arbitrary parameter settings'' for raindrop collisional processes in two-moment schemes , neglecting some of the rain coalescence and breakup should not introduce overwhelming uncertainties into our results.
Separation of rain classes based on the mechanism of their formation makes sense from a physical standpoint. Although the physical properties of raindrops (e.g., density and fall speeds) do not change among the different classes, the distribution of raindrop sizes arising from the different formation mechanisms can be dramatically different. Partitioning the classes allows for more variability in the overall rain DSD, or at least more than is possible using a single distribution function. On the other hand, such a partitioning for different ice species, at least from a physical standpoint, makes less sense. Typically, each class (e.g., cloud ice, snow, and graupel/hail) is prescribed vastly different physical properties, including fall speed, in order to capture the wide variability of ice particle properties. Having separate classes for ice hydrometeors thus requires the use of various thresholds for conversion from one class to another, whereas in nature, these ice particles evolve within a continuous spectrum. Often, these prescribed thresholds are ''arbitrary'' and not necessarily based on physics (Morrison and Milbrandt 2015) . A new paradigm is emerging in which the physical properties themselves are predicted for a single hydrometeor class, allowing for more natural changes in particle characteristics (e.g., Hashino and Tripoli 2007; Harrington et al. 2013; Morrison and Milbrandt 2015) . This approach is rooted in a physical basis and has the added benefit of being easier to validate with remote sensing or in situ observations, including dual-polarization radar observations. FIG. 15 . Simulated surface DSDs at t 5 180 min for x 5 101.0 and y 5 23.4 km. The total combined rain DSD is shown by the thick black curve, whereas the DSDs from each of the three rain classes are shown in thin colored curves (orange for warm rain, blue for shed rain, and purple for melted rain).
Summary
The Morrison microphysics scheme is modified to have three rain categories that are based on the mechanism of their origin (warm-rain processes, melting of ice, and shed from melting hailstones), following a similar technique employed by Van Den Broeke and Straka (2010) and Van Den Broeke (2014) . Using this modified two-moment microphysics scheme, we have explored the generation sources of raindrops in an idealized supercell storm. Rain originating from melting ice dominates the precipitation field at low levels, especially along the right (relative to the storm motion vector) portion of the forward flank and far downstream of the updraft. In addition, rain from melting ice serves as the source of large drops along the inflow edge of the forward-flank precipitation echo, known as the Z DR arc from polarimetric radar observations. Drops shed from melting hailstones are confined to the left portion of the forward-flank precipitation shield, which is overlapped with rain originating from melting ice. At low levels, rain generated by warm processes is confined to the rear of the storm, formed mainly in transient small-scale updrafts along the back edge of the Z H echo. Figure 16 presents a schematic summarizing the dominant source region of raindrops at low levels in supercells based on the idealized simulation discussed herein. Aloft, warmrain mass dominates in the updraft because cloud droplets are converted into raindrops due to the large amounts of condensate found there; supercell updrafts tend to be protected from the diluting effects of entrainment (e.g., Davies-Jones 1974; Lebo et al. 2012) . These raindrops are subsequently lofted and eventually freeze.
Frequency distributions indicate that raindrops originating from warm-rain processes are, on average, smaller than those generated by shedding and melting, with melted-rain drops having the largest average mean-mass diameter D mr . Analysis of D mr of each rain category at low levels reveals patterns attributable to size sorting by storm-relative winds in different layers. Large D mr values along the inflow edge of the forward-flank precipitation shield arise from size sorting and melting of ice hydrometeors, in agreement with Kumjian and Ryzhkov (2008b) and Dawson et al. (2014) .
The appearance of warm rain in the rear of the storm is consistent with simulations by Van Den Broeke (2014) and agrees with the suggestions based on polarimetric radar observations by Kumjian (2011) . The largest mass mixing ratios of warm rain appeared mainly within downdrafts in the lowest ;1 km AGL. This supports the intriguing possibility suggested by Kumjian (2011) and French et al. (2015) that the appearance of warm rain (manifested as small drops in polarimetric radar data) could be tied to momentum surges in the rear-flank downdraft. However, a much larger observational dataset and additional high-resolution simulations are needed to verify any relationship between the appearance of warm rain at low levels and RFD behavior and evolution.
Although the large-scale structure of raindrop sizes is reproduced in the simulations (including the large drops along the forward-flank precipitation echo observed as the Z DR arc), the large heterogeneity in hook echoes observed in disdrometer and polarimetric radar observations is not. The two-moment framework (with fixed spectral shape parameter) used herein may be too rigid. This suggests that a more sophisticated treatment of the predicted DSD shape are required. For example, threemoment schemes or two-moment schemes with a diagnostic shape parameter (e.g., Milbrandt and Yau 2005a,b; Loftus et al. 2014; Dawson et al. 2014; Van Den Broeke 2014 ) that allow for physically based changes in the shape of the DSD are likely necessary to reproduce the varied DSD structure in supercell hook echoes.
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